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The precise regulation of cell–cell communication by numerous signal-transduction pathways is funda-
mental for many different processes during embryonic development. One important signalling pathway is
the evolutionary conserved ﬁbroblast-growth-factor (FGF)-pathway that controls processes like cell
migration, axis speciﬁcation and mesoderm formation in vertebrate and invertebrate animals. In the model
insect Drosophila, the FGF ligand / receptor combinations of FGF8 (Pyramus and Thisbe) / Heartless (Htl) and
Branchless (Bnl) / Breathless (Btl) are required for the migration of mesodermal cells and for the formation
of the tracheal network respectively with both the receptors functioning independently of each other.
However, only a single fgf-receptor gene (Tc-fgfr) has been identiﬁed in the genome of the beetle Tribolium.
We therefore asked whether both the ligands Fgf8 and Bnl could transduce their signal through a common
FGF-receptor in Tribolium. Indeed, we found that the function of the single Tc-fgfr gene is essential for
mesoderm differentiation as well as for the formation of the tracheal network during early development.
Ligand speciﬁc RNAi for Tc-fgf8 and Tc-bnl resulted in two distinct non-overlapping phenotypes of impaired
mesoderm differentiation and abnormal formation of the tracheal network in Tc-fgf8- and Tc-bnlRNAi
embryos respectively. We further show that the single Tc-fgfr gene encodes at least two different receptor
isoforms that are generated through alternative splicing. We in addition demonstrate through exon-speciﬁc
RNAi their distinct tissue-speciﬁc functions. Finally, we discuss the structure of the fgf-receptor gene from an
evolutionary perspective.
& 2015 Elsevier Inc. All rights reserved.Introduction
The ﬁbroblast growth factor (FGF) signalling pathway plays a
range of essential roles in various stages during animal develop-
ment (Böttcher and Niehrs, 2005; Dorey and Amaya, 2010; Muha
and Müller, 2013) and is involved in many human diseases
including cancer (Beenken and Mohammadi, 2009; Turner and
Grose, 2010). The complexity of this pathway in vertebrates is
evident by the high number of extracellular ligands that impedes
functional studies through possible redundant contributions
(Böttcher and Niehrs, 2005; Tulin and Stathopoulos, 2010). In
comparison to 22 FGF ligands and 4 FGF receptors (FGFRs) in
humans, only three genes coding for the FGF ligands branchless
(bnl), pyramus (pyr) and thisbe (ths) representing two Fgf sub-
families and two FGF receptor (FGFRs) genes breathless (btl) and
heartless (htl) have been identiﬁed in the Drosophila genomee (R. Schröder).(Gryzik and Mu, 2004; Itoh and Ornitz, 2011; Klämbt et al., 1992;
Muha and Müller, 2013; Stathopoulos et al., 2004; Sutherland
et al., 1996).
The genome of the red ﬂour beetle Tribolium castaneum con-
tains four genes that code for the Tribolium Fgf ligands Tc-fgf1a,
Tc-fgf1b, Tc-fgf8 and Tc-branchless and in contrast to Drosophila
only one bona ﬁde Fgf receptor coding gene (Tc-fgfr) (Beermann
and Schröder, 2008; Richards et al., 2008).
The presence of a single FGFR is not unique to Tribolium.
Likewise, only one fgfr gene exists also in the genomes of the
placozoan Trichoplax, the nematode C. elegans, the sea urchin
Strongylocentrotus purpuratus and in that of the urochordate Ciona
(Birnbaum et al., 2005; Itoh and Ornitz, 2011; Rebscher et al.,
2009; Tulin and Stathopoulos, 2010). Thus, the multiplication of
fgfr-genes is not a prerequisite for the evolution of animal com-
plexity since in Ciona the sole FGF receptor obviously is able to
functionally integrate six different FGF-ligands. So far, multi-
functionality of the fgf- receptor gene could only be demonstrated
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result of alternative splicing (Goodman et al., 2003).
In Tribolium it is unknownwhether the sole Tc-fgf-receptor gene
identiﬁed in the genome mediates all FGF-dependent signalling
events. The role of FGF signalling during animal development is
particularly striking in processes that involve cell migration. In
contrast to vertebrates and hemichordates where FGF8 dependent
signalling induces mesoderm formation (Amaya et al., 1993; Green
et al., 2013), the fgf8-like genes pyramus (pyr) and thisbe (ths) in
Drosophila function in mesoderm differentiation after its induction
via Dorsal signalling (Jiang et al., 1991). The FGF ligands Pyr and
Ths activate the FGF receptor Htl to control the collapse of the
mesodermal tube, the ﬂattening and the subsequent dorsal
migration of the mesoderm layer during gastrulation (Gryzik and
Mu, 2004; McMahon et al., 2010; Muha and Müller, 2013; Sta-
thopoulos et al., 2004; Wilson et al., 2005).
During further development, various tissues derived from the
mesoderm such as muscle- and pericardial cells and the caudal
visceral mesoderm require the function of the FGF receptor Htl
(Kadam et al., 2012; Kadam et al., 2009; Klingseisen et al., 2009;
McMahon et al., 2010; Reim et al., 2012). In addition, the devel-
opment of the neuroectoderm-derived glia in Drosophila also
depends on Htl-mediated FGF signalling (Muha and Müller, 2013).
In Drosophila, the dorsal vessel or the heart is derived from
mesodermal cells lined up laterally as two longitudinal bands at
the future dorsal side. The molecular network that regulates heart
development involves different signalling pathways including the
FGF-pathway and shares components between ﬂies and verte-
brates (Tao and Schulz, 2007). The FGF8-like ligands Pyr and Ths
are required for the lateral spreading of the mesoderm to underlay
the dorsal ectoderm. The cardiogenic transcription factor Tinman
itself is induced and maintained by Dpp signals from the dorsal
ectoderm. Together with other transcription factors, Tinman is
required during speciﬁcation from the dorsal mesoderm to cardiac
mesoderm and its differentiation into cardiac cells. The cardiac
tube builds when cardiac myocytes migrate dorsally and meet at
the dorsal midline (Seyres et al., 2012). Since tinman is expressed
in cardiac cells from their speciﬁcation until the differentiated
state, this gene serves as an ideal marker for following cardiac
development (Bodmer, 1993; Frasch, 1995).
The Branchless / Breathless ligand - receptor combination
regulates tracheal branching in the Drosophila embryo, the larva
and the adult (Ahmad and Baker, 2002; Ohshiro et al., 2002; Sato
and Kornberg, 2002; Sutherland et al., 1996). Trachea development
starts with the invagination of ectodermal cell clusters, the tra-
cheal precursor cells. Once the invaginated epithelial sac that is
connected to the surface has formed, no additional cell divisions
occur and the subsequent formation of the tracheal system
depends solely on cell migration and changes in cell shape, - size
and the dynamic of cell–cell interactions. From the sac, a primary
branch buds off, that then gives rise to secondary branches. Finally,
branch fusion leads to long, continuous tubes within the tracheal
network (Ghabrial et al., 2003). In Drosophila, the development of
the tracheal system depends primarily on the function of the
bHLH-PAS domain transcription factor trachealess (trh) that is
expressed in tracheal cells throughout development (Isaac and
Andrew, 1996; Wilk et al., 1996). Its expression starts in the
ectodermal primordia of the trachea before any morphological
differentiation is visible. Together with another transcription fac-
tor (ventral veins lacking (vvl) or drifter), trh can induce the for-
mation of tracheal branches also ectopically (Boube et al., 2000).
Among the numerous targets of the trh / vvl dimer is the FGF
receptor gene breathless (Anderson et al., 1996; Klämbt et al., 1992;
Ohshiro and Saigo, 1997; Wilk et al., 1996) that is transcribed in
tracheal sac-cells just before the branching starts. Upon activation
by the nearby produced Bnl-ligand, the FGF receptor then leads tomigration and the outgrowth of primary branches and their bud-
ding into secondary ones (Klämbt et al., 1992; Sutherland et al.,
1996).
In Tribolium, the fgf8 ortholog Tc-fgf8 has been discussed to be
involved in mesoderm differentiation similar to the fgf8 genes pyr
and ths in Drosophila. This assumption was based on its shared
expression domain with the mesoderm marker Tc-twist in the
segments and in the growth zone (Beermann and Schröder, 2008).
Furthermore, the expression of Tc-fgfr in close vicinity to Tc-fgf8
expression in the dorsal region suggests its involvement in other
key processes including heart development and in cooperation
with Tc-bnl in trachea formation (Beermann and Schröder, 2008).
While the fgf1-like genes, Tc-fgf1a and Tc-fgf1b, in Tribolium have
recently been characterized (Sharma et al., 2013), the functional
roles of both the ligands Tc-fgf8 and Tc-bnl in Tribolium are yet to
be determined. Moreover, it is also not clear, whether a single FGF
receptor represents the common acceptor for both of these ligands
in Tribolium. In Drosophila both the FGF receptors Heartless and
Breathless strictly function independent of each other and so far,
no combinatorial and overlapping function in any developmental
process has been observed (Muha and Müller, 2013). We therefore
asked whether and how in Tribolium a single FGF receptor is able
to function as a multi-speciﬁc FGF receptor.
In this study, we show through the analyses of tissue-speciﬁc
marker genes that the mesoderm and its derivatives, the heart and
the muscles, are severely affected by Fgf8-downregulation in
Tribolium. We further show that the differentiation of the tracheal
system but not the mesoderm is impaired through Tc-bnl RNAi and
provide the evidence that both these tissues are severely affected
in Tc-fgfrRNAi embryos. We identiﬁed two different Tc-fgf-receptor
splice variants and demonstrate their tissue-speciﬁc function
through exon-speciﬁc RNAi.Materials and Methods
Template preparation and parental RNAi
To amplify the gene speciﬁc product, cDNA template was gen-
erated from the total RNA (RNeasy/Qiagen) using random hexamer
primers provided with the Transcriptor First Strand cDNA Synth-
esis Kit (Roche). PCR-ampliﬁed fragments were then subcloned
into a pCR4 plasmid vector of the TOPO-TA Cloning Kit (Invitrogen)
and veriﬁed by sequencing (LGC Genomics, Berlin). Double-
stranded RNA (dsRNA) was produced from the linearised plasmid
DNA using T3 and T7 MEGAscript in-vitro transcription kit
(Ambion). DIG-labelled-RNA probes were synthesised with T3/T7
RNA polymerase (Roche) along with the DIG RNA Labelling Mix
(Roche). For RNA interference (RNAi), dsRNA was injected into
freshly hatched adults (parental RNAi) at several different con-
centrations in multiple independent experiments (see Table S1 in
the supplementary material) under standard conditions (Bucher
et al., 2002; Schröder, 2003). In situ hybridisation to RNA tran-
scripts was performed as published (Tautz and Pfeiﬂe, 1989).
Conditions were strictly parallel for each in-situ hybridisation
reaction that allowed precise comparative analysis between
wildtype and the affected RNAi embryos. Some of the marker
genes used for expression studies were already published like
Tc-dof (Beermann and Schröder, 2008), Tc-twist (Handel et al.,
2005) and Tc-tinman (Cande et al., 2009; Janssen and Damen,
2008). The Tribolium trachealess ortholog (Tc-trh, TC001448) was
cloned using the primer pair: FW: TCAGAC CTCTTAGATTACACGGC;
RW: AATGCTTCGACATTGCGTTCTC.
R. Sharma et al. / Developmental Biology 402 (2015) 264–275266dsRNA fragments used for RNAi
To rule out the possibility of off-target effects, different non-over-
lapping / partially overlapping / nested fragments (NOFs) were injected
to conﬁrm the function of targeted genes. For Tc-fgf8 (TC000278) three
fragments: Tc-fgf8_fragment1 (658 bp; binding position: CDS 17-674;
primers: FW_CAAAATGTGGGGCTAAAGGTA; RV_GTCGAT AAAG-
TAAACGTGTGA); Tc-fgf8_fragment2 (420 bp; binding position: CDS
175-594; primers: FW_CATGTAACGTCGGTGTGAGAAA; RV_ GTCCGA-
CAAGAAAGAACTA TCAC) and Tc-fgf8_fragment3 (605 bp; binding
position: 257 bp 5′UTRþCDS 1-376; primers: FW_GTCGCTTAT-
CCGCTCTCCATGT GC; RV_TCCAAGTGCGAAACCAGCTCCTG) were used.
For Tc-fgfr (TC004713) two fragments: Tc-fgfr_fragment1 (556 bp;
binding position: CDS 166-719; primers: FW_CAAAATGTGGGGC-
TAAAGGTA; RV_GTCGATAAAGTAAAC GTGTGA) and Tc-fgfr_fragment2
(846 bp; binding position: CDS 918-1781; primers: FW_AGAGGA
GGAGAACACTGTGCCTG; RV_ GGTTCGGAGACATCCTCGTTGGT G) were
used. In addition an iBeetle dsRNA fragment (iB_03821) for Tc-fgfr gene
was obtained from a company (Eupheria) and injected with 1 mg/ml
(see Table S1). For Tc-branchless gene (TC001760/TC001705) a single
fragment of 401 bp corresponding to positions: CDS 1-264 (TC001760)
and 557-658 (TC001705), ampliﬁed with the primers: FW_CATCTG-
GATCTTTCTGGCGGTGCCGG; RV_CTTCGTACACCCGCGTGCTGA CG was
used (Beermann et al 2008). The Tc-distalless (Tc-dll) clone used in this
study as a positive control experiment was obtained from A. Beermann
(Beermann et al., 2001).
The following primer pairs were used for amplifying exon-
speciﬁc DNA fragments: exon7: the primer pair fw7 ACG-
TTTCCCGTCAAAACCATATATTA/rv7CTTTAAAACGCTTTTGTTATAATT-
AGTGAA resulted in a 187 bp long fragment; exon8: the primer
pair fw8 AACGCTATCACAACAAACCTGTTCTTACACATCC, rv8 CAACC-
GCACTCTTATTTGGGTATT resulted in a 161 bp long fragment; and
exon 7/8: the primer pair fw7 / rv8 resulted in a 432 bp long
fragment that includes the 34 bp long intron between exon7 and
exon8.
Genomic analysis of the Tc-fgfr gene & PCR-ampliﬁcation of splice-
variants
The analysis of the Tc-fgfr gene-organisation is based on the
new annotation of the Tribolium genome version Tcas4.0 that is
accessible via: http://bioinf.uni-greifswald.de/tcas/genes/annota
tion/. Fig. 5C shows a screenshot of the Genome-Browser: http://
bioinf.uni-greifswald.de/gb2/gbrowse/tcas4/?name¼TC004713.
The RNAseq proﬁle has been obtained using GSNAP (Wu and Nacu,
2010) and is the result of a community effort: the RNA-Seq data
was supplied by the iBeetle consortium and 9 external con-
tributors; RNA was sampled from several developmental stages
from eggs to adults.
Using gene speciﬁc primers located in exon 5 (Forward primer:
AGAGGAGGAGAACACTGTGCCTG) and 11 (reverse primer GGTTCGGA-
GACATCCT-CGTTGGTG), PCR-fragments from cDNA were ampliﬁed,
cloned and sequenced. The sequences, the original sequencing reaction
and assignment of exon numbers of two representative clones are
shown in Suppl. Mat. 1 and 2.
Automatic annotation of the fgfr-gene structure by NCBI led to
the following gene predictions: XM_ 008192524 & XM_008192525
that both contain Exon7 and XM_ 008192526 that contains Exon8
(see also Suppl. Mat. Table S1).
Analyses of ﬁrst instar larvae and embryos
All ﬁrst instar larvae were embedded in Hoyer's medium and
incubated overnight at 60 °C. Analysis of the larva was possible
through the autoﬂuorescence of all cuticularized structures
(including trachea and gut) under the illumination of UV light.Embryos were mounted in 100% glycerol and photographed on an
AxioImager Z1 Zeiss microscope using AxioCam MRc (for colour
images) and AxioCam MRm (for black and white images) cameras
and AxioVision 4.8.1 software. For precise interpretation of results
stage-matched embryos were compared.
Sequence analysis
The domain structure of the predicted proteins from the various
fgfr genes and the Tribolium splice variants was identiﬁed using the
SMART tool (http://smart.embl-heidelberg.de/). fgfr genes within
the arthropod genomes were identiﬁed using EnsemblMetazoa
(http://metazoa.ensembl.org/index.html) or NCBI.
Animal husbandry
For the current study all functional experiments were per-
formed onwildtype “San Bernardino” strain of the beetle Tribolium
castaneum. Beetles were reared on a regular changing diet of
whole wheat and instant ﬂour supplemented with 5% yeast extract
in a 30 °C incubator. Collection of eggs was performed as pre-
viously described (Beermann et al., 2004).
Analysis of the FGFR-protein structure
The domain-structure of the predicted FGFR proteins have
been analysed using the SMART-tool, EMBL-Heidelberg (Letunic
et al., 2015).Results
Mesoderm morphogenesis, hindgut morphology, Malpighian tubules
and heart development are strongly affected in Tc-fgf8RNAi- and in
Tc-fgfrRNAi embryos
The functional analysis of both the ligands Tc-fgf8 and Tc-bnl as
well as the receptor Tc-fgfr during embryonic development of the
beetle Tribolium were achieved through parental RNAi by injecting
respective dsRNAs at various concentrations into freshly hatched
adult females (Bucher et al., 2002).
The single knockdown of Tc-fgf8, Tc-bnl or Tc-fgfr resulted in
non-hatching larvae that did not display signiﬁcant deviations
from the wildtype cuticle pattern in respect to the basic mor-
phology of the head, thorax or the abdomen.
To further analyse the development of crucial tissues that could
require FGF input during embryogenesis we analysed the expres-
sion of tissue-speciﬁc marker genes in the respective RNA-inter-
ference knockdown embryos.
For the functional analysis of FGF signalling pathway compo-
nents on mesoderm development and its derivatives in Tribolium
we compared the expression of the mesoderm marker Tc-twist
(Handel et al., 2005) in Tc-bnlRNAi-, Tc-fgf8RNAi- and Tc-fgfrRNAi
embryos with that of wildtype embryos.
During blastoderm formation in wildtype embryos, Tc-twist is
expressed in a mid-ventral stripe marking the prospective meso-
derm (Fig. 1A) and during germband formation and –elongation in
segmental packages along the anterior–posterior axis as well as in
a patch of mesodermal cells between the head lobes (arrowhead)
and at the posterior end of growth zone (Fig. 1B and C). During
these early stages of embryogenesis, no critical deviations from the
wildtype Tc-twist pattern were seen in Tc-bnlRNAi (Fig. 1E–G),
Tc-fgf8RNAi (Fig. 1I–K) and Tc-fgfrRNAi (Fig. 1M–O) embryos.
In the fully elongated wildtype germband embryo, Tc-twist
expression is seen at the base of the gnathal and thoracic appen-
dages, in the lateral mesoderm of the abdominal segments and in
Fig. 1. Analysis of mesoderm development in wildtype and affected embryos. (A–D,Q–S′) wildtype; (E–H,T–V′) Tc-bnlRNAi; (I–L,W–Y′) Tc-fgf8RNAi; (M–P,AA-AC′) Tc-fgfrRNAi
embryos stained for Tc-twist mRNA. All images are DIC images and show ventral views with anterior to the left. In the blastoderm and during germband elongation, Tc-twist
expression is indistinguishable in WT (A–C) or RNAi treated embryos (E–G,I–K,M–O). In fully segmented embryos, Tc-twist expression in lateral positions and in the
appendages is similar in WT (D,Q–S) and Tc-bnlRNAi embryos (H,T–V) but drastically reduced in Tc-fgf8RNAi (L,W–Y) and Tc-fgfrRNAi (P,AA-AC) embryos. In these RNAi-affected
embryos, Tc-twist expression is seen at the base of the appendages but missing from the interior (Y′,AC′,red asteriks) which like in the WT (S′) seems unaffected in Tc-bnlRNAi
embryos (V′). T: thoracic segment; A: abdominal segment; hg: hindgut; MT: malpighian tubules; black asterisks mark foregut anlage in older staged embryos.
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no obvious differences to the wildtype pattern were observed
(Fig. 1H), Tc-twist expression in those sites was drastically reduced
in Tc-fgf8RNAi (Fig. 1L) and in Tc-fgfrRNAi (Fig. 1P) embryos but
remained unchanged in the hindgut region.
During germband retraction of the WT embryo, Tc-twist
expression marks a variety of tissues including the precursors of the
fore- and the hindgut, the gnathal appendages, growing muscle
ﬁbres in the legs, the area surrounding the tracheal openings and
laterally, in rows of muscle precursor cells (Fig. 1Q–S). While in
stage-matched Tc-bnlRNAi embryos (Fig. 1T–V) Tc-twist expression
domains were indistinguishable from the wildtype pattern, Tc-twist
expression was signiﬁcantly altered in both, Tc-fgf8RNAi- (Fig. 1W–Y)
and Tc-fgfrRNAi embryos (Fig. 1AA-AC). Particularly, the Tc-twist
expression domain that runs along the proximo–distal axis within
the WT larval legs (Fig. 1S′), was severely reduced (red asterisks) in
Tc-fgf8RNAi- (Fig. 1Y′) and Tc-fgfrRNAi (Fig. 1AC′) embryos, although
few Tc-twist-positive cells can still be recognised at the proximal
base of the appendage. This domain was unchanged in Tc-bnl RNAi
embryos (Fig. V′).
In addition to the above-described phenotypes, Malpighian
tubules were abnormally orientated in Tc-fgf8RNAi- (Fig. 1Y) and in
Tc-fgfrRNAi embryos. In the hindgut assembly of a wildtype embryo,the Malpighian tubules (MT, black arrowheads) insert into the
proctodeum at the midgut–hindgut boundary and adhere closely
to the outer hindgut wall (Fig. 2A). Tc-twist-staining in the hindgut
marks the visceral musculature (white arrows) and is absent from
the midgut precursor (Fig. 2A). The 2–3 cell-wide sheet of cells
around the hindgut tube is called the caudal visceral mesoderm
(CVM). This tissue is irregularly thin (1-cell-wide) in weakly
affected embryos or missing (black asterisks) in strongly affected
Tc-fgf8RNAi and Tc-fgfrRNAi embryos (Fig. 2B,C).
Still, due to the dense packaging, the single MTs are hardly
visible in the wildtype embryo. Tissue organisation of the hindgut
and the extent of Tc-twist expression in this organ is markedly
disturbed and reduced in both Tc-fg8RNAi or Tc-fgfrRNAi embryos
where the MTs were shortened and irregularly arranged around
the hindgut tube and twist expression is conﬁned to small pos-
terior / lateral patches of the hindgut (Fig. 2B and C).
The expression pattern of Tc-tinman (Tc-tin) during Tribolium
wildtype embryogenesis has been shown previously (Cande et al.,
2009; Janssen and Damen, 2008). In brief: in the fully segmented
wildtype embryo, Tc-tin is strongly expressed as a pair of longitudinal
dorsal packages in each segment from the labial to abdominal seg-
ment 10 and in two head spots near the antennal segment (Fig. 3A).
In older embryos during germband retraction, a second Tc-tin domain
WT RNAiTc-fgf8
RNAi
Tc-fgfr
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RNAi
Tc-fgf8
RNAi
Tc-fgfr
Tc-twist Tc-twist Tc-twist
MTs
CVM
* *
* *
*
*
*
CVM
MTs
CVM
MTs
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CVM
CVM
MG
Fig. 2. Hindgut development in wildtype and affected embryos. (A,D) wildtype; (B,B′) Tc-fgf8RNAi; (C,C′) Tc-fgfrRNAi embryos. (A–C) DIC images; (D,B′,C′) Hoechst stained
nuclei (ﬂuorescence). Hindgut morphology in embryos of the retracted germband stage. For better visibility, the hindgut structures were ﬂipped by 180° during mounting to
better demonstrate the morphology of this organ. (A,D) Tc-twist expression marks mesodermal precursor cells around the hindgut (hg) tube including the CVM cells (white
arrows). Malpighian tubules (MTs) strictly adhere to the hindgut-tube (black arrowheads in A) and therefore are hardly visible as single structures. (B,B′,C,C′) In Tc-fgf8- and
Tc-fgfrRNAi embryos MTs are detached from the tube-surface and can be recognised individually. Some of the MTs might be ruptured from the hindgut during mounting and
therefore are missing. Black asterisks (*) mark the missing CVM. CVM: caudal visceral mesoderm, MG: midgut membrane.
Fig. 3. Analysis of heart development in wildtype and affected embryos. (A–C) wildtype; (D–F) Tc-bnlRNAi; (G–I) Tc-fgf8RNAi; (J–L) Tc-fgfrRNAi embryos stained for Tc-tinman
mRNA. All images are DIC images with anterior to the left. (A) Tc-tinman marks the heart precursor cells in the dorsal region from the labial (Lb) to abdominal segment 10
(A10). (B,C) In the retracting WT embryo, from A2–A7 the Tc-tin domains are doubled indicating the region of the future heart while in the more anterior segments (Lb-A1)
where the aorta develops the Tc-tin domains remain as single ones. While Tc-tin expression is wildtype-like in Tc-bnlRNAi embryos (D–F), Tc-tin expression in the anterior
segments Lb-T3 is markedly reduced or absent in fgf8- (G–I) and in fgfrRNAi (J-L) embryos. Also in the abdominal segments, only remnants of Tc-tin expression in patches are
seen. (I) Weakly affected embryo. Lr: labrum; Ant: antenna; Md: mandible; Mx: maxilla; T/A: thoracic/abdominal segment; hg: hindgut; MTs: Malpighian tubules.
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domain, while in more anterior or posterior segments, Tc-tin
remained expressed in a single domain (Fig. 3B). In principle, this
expression pattern is stable until germband compaction only that thecephalic expression domains of Tc-tin have expanded to thin stripes
along the antenna perpendicular to the AP axis (Fig. 3C). While a
wildtype-like expression pattern for Tc-tin was observed throughout
development in Tc-bnlRNAi embryos (Fig. 3D–F), signiﬁcant deviations
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Tc-fgf8RNAi- (Fig. 3G–I) as well as in Tc-fgfrRNAi embryos (Fig. 3J–L). In
the fully segmented germband stage, Tc-tin expression in the thoracic
region was markedly reduced or absent in both, Tc-fgf8RNAi- and
Tc-fgfrRNAi embryos. In the abdomen however, the reduction of
expression strength was visible in Tc-fgf8RNAi- (Fig. 3G) and Tc-fgfrRNAi-
(Fig. 3J) embryos when compared to the wildtype although less
severe in the former. Some Tc-tin positive cells were present but
disordered in older embryos. Again, Tc-fgfrRNAi embryos seemed more
severely affected than embryos after Tc-fgf8 RNAi and the anterior of
the embryo including the thoracic segments are more severely dis-
turbed than the abdomen. The severity of the RNAi effect can be
judged by the degree of malformation in the hindgut and the Mal-
pighian tubules (Fig. 3H,I; K,L). According to that criterion and the
relatively normal expression pattern of Tc-tin in the abdomen, the
embryo in Fig. 3I clearly represents a weaker phenotype.
Tracheal development is impaired in Tc-bnlRNAi and in Tc-fgfrRNAi
embryos
To visualise the development of the tracheal network in wild-
type and in RNAi treated Tribolium embryos, we made use of the
tracheal marker gene trachealess that in the ﬂy is expressed in all
trachea cells from their induction to the differentiated stage (Wilk
et al., 1996). Like in Drosophila, the development of the tracheal
network starts as pairs of groups of cells in ten segments from
thoracic segment 2 (T2) to abdominal segment eight (A8) as
indicated by the expression of the Tribolium trachealess ortholog
Tc-trh (Fig. 4A,E). The groups of Tc-trh positive cells stretch laterally
in the retracted Tribolium germband (Fig. 4I,M). The initiation and
maintenance of Tc-trh expression are not affected during germ-
band formation in either Tc-bnlRNAi-, Tc-fgf8RNAi- or in Tc-fgfrRNAi-
embryos (Fig. 4B–D,F–H). The subsequent distribution of the Tc-trh
expressing cells within each hemisegment was observed in aFig. 4. Tracheal development in wildtype and affected embryos. (A,E,I,M,Q) wildtype; (B,F
Tc-trh (A–P) and Tc-dof (Q–T) mRNA. (A–T) DIC images with anterior to the left (A,E,I,M) T
round shaped group and during trachea formation stretch and distribute within the ante
Tc-trh and thus the allocation of the placode are not affected in any of the dsRNA treat
embryos (L,P), also illustrated by the expression of Tc-dof (Q–T). Lr: labrum; Ant: antenna
Malpighian tubules.wildtype-like manner in Tc-fgf8RNAi embryos (Fig. 4K,O). However,
this crucial step during trachea formation does not take place in
Tc-bnlRNAi- and in Tc-fgfrRNAi embryos where the expression
domains of Tc-trh remained unchanged as a round-shaped domain
(Figs. 4J,N; 4L,P). The loss of the dynamic behaviour of the tracheal
precursor cells was also demonstrated in the respective RNAi
treated embryos for the Tc-dof (downstream-of-FGF-receptor)
expression pattern (Fig. 4R–T) that among other tissues also labels
this cell type in the wildtype (Fig. 4Q) (Beermann and Schröder,
2008).Differential splicing results in two FGFR isoforms
The simple modular architecture search tool (SMART/EMBL)
predicts that the derived Tribolium FGFR protein contains ﬁve
extracellular Ig-like domains (Fig. 5A). This is one more than
previously described where the analysis was based on the BLAST-P
algorithm (Beermann and Schröder, 2008) and two more than that
of a prototypical vertebrate FGFR (Kelleher et al., 2013). With that,
the Tribolium-FGFR matches the Drosophila FGF receptor Breath-
less with ﬁve domains (Klämbt et al., 1992) while the Heartless
protein contains only two such domains (Muha and Müller, 2013).
We then asked whether in Tribolium differential splicing of the
Tc-fgfr gene could result in different fgfr gene products. Using PCR
primers directed against exon 5 and exon 10 we could amplify two
cDNA variants that differ in exon content. We obtained three
independent clones for the splice variant including exon 7 and
more than 10 clones for the splice-variant including the alternative
exon 8. Both these exons, 7 and 8, each code for the N-terminal
part of IG-domain V of which the second, C-terminal half is con-
tributed to by the common exon 9 (Fig. 5A and B). The sequences
of representative clones can be found in Supplementary data.,J,N,R) Tc-bnlRNAi; (C, G, K, O, S) Tc-fgf8RNAi; (D,H,L,P,T) Tc-fgfrRNAi embryos stained for
c-trachealess marks the cells of the tracheal placode that initially are organised as a
rior of segment T2–A8 perpendicular to the AP axis. While the initial expression of
ed embryos, stretching of the placode does not occur in bnl (J,N) and in fgfr-RNAi
; Md: mandible; Mx: maxilla; T/A: thoracic/abdominal segment; hg: hindgut; MTs:
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that mirror Tc-fgf8RNAi- and Tc-bnlRNAi- effects
At the cuticle level, the shape of the hindgut as well as the
wiring of the tracheal network is visible through the auto-
ﬂuorescence of cuticularized structures under UV illumination. In
the wildtype, the hindgut tube shows a stereotypic double curved
outline (Fig. 6A). The main trunk of the tracheal system runs in a
straight line along the AP axis (Fig. 6D) and links to the segmen-
tally formed short primary branches that are connected to the
tracheal openings.
The analysis of Tc-fgf8RNAi cuticles revealed abnormal formation
of hindgut structures. In those, the hindgut lost its S-shape and
formed either condensed within the posterior abdomen (Fig. 6B)1 2 3 87654
IG I IG IIIIG II IG IV I
Fig. 5. Differential splicing generates two Tribolium fgfr isoforms. (A) Structure of the
(encoded by exon 7 or 8) and the constant second half (encoded by exon 9). Sequences
Tribolium fgfr gene (TC004713). Exon 7 has been added to the original gene model tak
represent the 5′ and the 3′ untranslated region. Bars in dark blue, green and light bl
abundance of the Tribolium fgfr-gene indicates that exon 7 is less frequently transcribed w
(see methods). Screenshot of Tribolium genome database Tcas4: http://bioinf.uni-greifs
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Fig. 6. RNAi cuticle phenotypes of the FGF signalling components compared to exon-sp
wildtype (A,D); Tc-fgf8RNAi (B,C,E); Tc-bnlRNAi (F). Anterior points to the left; (G) Statistics
with two turns (A) is abnormal in fgf8- and fgfrRNAi embryos where it either can take a con
tracheal system (arrows in D) forms in curves in an fgf8RNAi background (E; stippled) and
branch normally forms) while the primary tubes (arrowheads) and the tracheal openin
single knockdown of Tc-fgf8, Tc-fgfr and Tc-bnl as well as after exon-speciﬁc fgfr-RNAi. Wa
driven artefacts. “n” represents the total number of cuticles analysed speciﬁcally for th
generally analysed (see Supplementary Table S2).or extends without any bending towards the anterior (straight
phenotype, Fig. 6C). In addition, the main tracheal branch was
present but showed a meandering pattern and abnormal curving
not seen in the wildtype (Fig. 6E).
While in Tc-bnlRNAi-larvae, the hindgut, tracheal openings and
the ingrowing primary tracheal branches were formed essentially
normal, the main tracheal trunk was found absent (Fig. 6F).
Larval Tc-fgfrRNAi -cuticles showed a combined tracheal/hindgut
phenotype where the main tracheal branch was missing and the
hindgut formed was either condensed or straight. In segments
where the main trachea was present, it showed the meandering
phenotype.
By injecting exon-speciﬁc double stranded RNA we revealed
tissue speciﬁc function of the two FGF-receptor splice variants.14131211109
RTKG V
TM
deduced FGFR-protein. Composite Ig-domain V with two alternative ﬁrst halves
of the splice variants are provided in Suppl. Data. (B) Genomic organisation of the
en from the genome assembly 4.0 (ChLGX, position 786,486 to 790,713). grey bars
ue symbolise the exons: black line indicates the position of the introns. (C) RNA
hen compared to the other exons. RNA-seq data come from the iBeetle consortium
wald.de/gb2/gbrowse/tcas4/?name¼TC004713.
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C
eciﬁc FGFR-RNAi experiments. (A–F) First instar larval cuticles (autoﬂuorescence):
of observed RNAi phenotypes. The typical shape of the hindgut tube in the WT larva
densed (cond.) (B) or an elongated shape without turns (C). The main branch of the
is absent in bnl- and fgfrRNAi embryos (stars in (F) indicating the position where this
gs (to) are present. (G) The frequency of the observed cuticle phenotypes after the
ter injections served as a negative control as well as a reference to exclude injection
eir speciﬁc gut- and tracheal phenotypes. A larger set of cuticles have been more
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phenotypes seen in Tc-fgf8-knock-down experiments, the Tc-fgfr-
exon7-knockdown resulted in cuticle phenotypes seen in Tc-bnl-
RNAi experiments (summarised in Fig. 6G). Injection of Tc fgfr-
dsRNA that includes both exon 7 and 8 speciﬁc sequences resulted
like Tc-fgfr-RNAi in a combined phenotype (compare column 3 and
4 in Fig. 6G).Discussion
In this work we provide the ﬁrst evidences that the Tribolium FGF
receptor, which is encoded by the single Tc-fgfr gene, is able to
transmit the signals from both the ligands Tc-FGF8 and Tc-Branchless.
This is made possible through different receptor isoforms of Tc-Fgfr
generated by differential splicing.
Tc-fgf8 and Tc-fgfr in Tribolium are essential for mesoderm differ-
entiation at late embryonic stages
The involvement of FGF signalling in mesoderm formation and
development is one of the key roles that has been identiﬁed in a
variety of both vertebrates and non-vertebrates species. Especially,
FGF8-dependent signalling was found instrumental for meso-
dermal morphogenesis in metazoans (Birnbaum et al., 2005;
Dorey and Amaya, 2010; Fletcher et al., 2006; Gryzik and Mu,
2004; Muha and Müller, 2013; Röttinger et al., 2008; Stathopoulos
et al., 2004; Wilson et al., 2005).
In Tribolium, the expression patterns of the single Fgf-receptor
gene Tc-fgfr and the adaptor molecule gene Tc-dof (Downstream-
of-Fgfr) have been found in close vicinity to expression sites of the
ligands Tc-fgf8 and Tc-bnl. On this basis we previously hypothe-
sised that in Tribolium both these ligands signal through one
receptor during mesoderm and trachea formation, which is dif-
ferent to Drosophila (Beermann and Schröder, 2008).
The expression analysis of the mesoderm marker Tc-twist in
Tc-fgf8- and Tc-fgfr- RNAi embryos showed a signiﬁcant reduction
or the loss of mesodermal cells from various tissues in affected
matured embryos when compared to the wildtype (Fig. 1). This
effect was more prominently visible at later embryonic stages
where tissue speciﬁcation was already apparent which clearly
shows that FGF signalling has a speciﬁc role in mesoderm mor-
phogenesis and -differentiation after gastrulation. During early
stages of development from the blastoderm to the elongating
germbands, the initiation and the maintenance of Tc-twist
expression was normal in Tc-fgf8RNAi and Tc-fgfrRNAi embryos. Like
in the wildtype (Fig. 1A), a ventral stripe of Tc-twist expression
marking the mesodermal primordium was also visible in the
Tc-fgf8RNAi (Fig. 1I) and Tc-fgfrRNAi embryos (Fig. 1M). Likewise
during the stages of germband extension, the segmental packages
of mesodermal cells marked by Tc-twist expression were indis-
tinguishable in WT- (Fig. 1B and C) and Tc-fgf8RNAi embryos (Fig. 1J
and K) although somehow weaker in more anterior segments in
Tc-fgfrRNAi embryos (Fig. 1N and O).
Thus, FGF signalling in Tribolium has no role in mesoderm
induction, but is essential for mesoderm migration in post-gas-
trulating embryos as this has been shown previously for the
ecdysozoan model systems C. elegans and D. melanogaster (DeVore
et al., 1995; Kadam et al., 2009; Lo et al., 2008; Stathopoulos et al.,
2004).
In contrast, FGF signalling in vertebrates (Xenopus, zebraﬁsh,
mouse), the cephalochordate Amphioxus and in the ascidian Ciona
has been found crucial for mesoderm induction suggesting an
ancestral role of FGFs in deuterostome mesoderm speciﬁcation
(Dorey and Amaya, 2010; Fletcher and Harland, 2008; Green et al.,
2013).The analysis of Tc-twist expression reveals that in fully retracted
Tc-fgf8- and in Tc-fgfr knockdown embryos twist-expressing cells
are located at the proximal bases of growing legs but were absent
from their interior (Fig. 1Y′, AC′). This is in strong contrast to stage-
matched wildtype embryos where mesodermal cells that at the
same time also express Tc-fgfr (Beermann and Schröder, 2008) are
aligned along the proximal-distal axis (Fig. 1S′) (Handel et al.,
2005). Obviously, in embryos with compromised FGF8- and FGFR-
dependent signalling, the allocation of twist-expressing cells to the
basal position of an appendage still occurs but the subsequent
invading of the leg requires FGF8 signalling and agrees with the
general function of FGF signalling in organising directional cell
movements (Muha and Müller, 2013).
The role of FGF signalling for development of the caudal visceral
mesoderm (CVM) and the Malpighian tubules
The combined phenotype of disturbed development of the
hindgut and the Malpighian tubules observed in Tc-fg8RNAi or
Tc-fgfrRNAi embryos is striking and sheds light on the role of FGF
signalling during morphogenesis of these organs. In Drosophila,
Htl-dependent signalling in a subset of the visceral mesoderm, the
caudal visceral mesoderm (CVM) signiﬁcantly contributes to the
formation of the founder cells of the longitudinal musculature of
the gut. Htl is expressed in the CVM cells that actively migrate
along the trunk visceral mesoderm under the guidance of the fgf8-
like genes pyr and ths (Beiman et al., 1996; Kadam et al., 2012;
Reim et al., 2012).
In Tribolium, the prominent expression of Tc-fgf8 and Tc-dof in
the hindgut anlagen and in the MTs of wildtype embryos descri-
bed previously (Beermann and Schröder, 2008) suggests an
involvement of the FGF pathway during development of these
tissues. Our results demonstrate that as in Drosophila, FGF sig-
nalling also plays a critical role in hindgut morphogenesis in Tri-
bolium. More speciﬁcally, the CVM cells that normally ensheath
the hindgut tube (Fig. 2D) are reduced in number or missing at the
posterior of the hindgut likely because they are not able to spread
along the hindgut tube. If true than this ﬁnding would underline
the general importance of the FGF signals for the migratory cap-
ability of mesodermal derived cells during development (Kadam
et al., 2012; McMahon et al., 2010; Muha and Müller, 2013; Reim
et al., 2012; Röttinger et al., 2008). The phenotype of a malformed
hindgut – either condensed or stretched – seen in the larval cuticle
can be explained by the inability to get into ﬁnal shape due to the
lack of a functional musculature or because the gut tube is dis-
continued through the general instability of gut structures.
The development of the Malpighian- or renal tubules in
Drosophila requires the input of different signalling pathways
(Jung et al., 2005; Liu et al., 1999; Soderberg et al., 2011) but so far,
no evidences point to the contribution of FGF signalling to its
morphogenesis in the ﬂy. This is in contrast to Tribolium, where we
showed previously that Tc-fgf8 is expressed along the MTs
excluding the most distal part while Tc-dof marks the tip-cells of
the tubes (Beermann and Schröder, 2008).
The abnormal upright shape and position of the MTs at the
proctodeum seen in Tc-fg8RNAi or Tc-fgfrRNAi embryos (Fig. 2B,C),
show that in Tribolium FGF signalling has an important role in the
development of the MTs, the organ mainly responsible for tight
regulation of ﬂuid homoeostasis in insects (Huang and Stern,
2005).
Likely, FGF signalling in the tip-cell of a MT controls its motility
and adhesive property to be able to contact and to move and
elongate along on the gut outer surface. Without this signal, the
MTs are not able to adhere to the gut and show the observed tree-
like appearance. It remains open, whether the MTs still are able to
R. Sharma et al. / Developmental Biology 402 (2015) 264–275272elongate properly since older staged Tc-fg8RNAi or Tc-fgfrRNAi
embryos have not been analysed.
The parallel roles of FGF signalling in the regulation of ﬂuid
homoeostasis in C. elegans (Huang and Stern, 2005) and in renal
development in vertebrates (Bates, 2011) is striking and points to
an evolutionary early origin of FGF-function in this excretion-
organs. Still, it is remarkable that the important process of MT
development in Drosophila manages without the input of FGF
signalling.
Differential requirement of FGF signalling along the AP axis?
Interestingly, anterior segments seem to be more vulnerable for
the reduction of FGF8-dependent FGF-signalling along the AP axis
at the level of Tc-twist (Fig. 1) and Tc-tin expression (Fig. 3). While
in anterior head appendages of Tc-fgf8- and in Tc-fgfr knockdown
embryos a complete loss of twist-positive cells was clearly appar-
ent (Fig. 1L,P,W,AA), faint expression of Tc-twist was visible in a
cluster of cells at the proximal bases of more posteriorly posi-
tioned gnathal and thoracic appendages (Fig. 1L,P,W,AA). Likewise,
Tc-tin-positive cells were missing in the head- and gnathal seg-
ments, strongly reduced in the thorax and fairly normal in the
abdomen of both, Tc-fgf8- and in Tc-fgfrRNAi knockdown embryos
(Figs. 2G–I; 2J–L).
Since the head and the gnathal appendages are derived from
segments that develop early during embryogenesis, a loss of the
mesodermal domain in these appendages of affected embryos
could represent a combined result of impaired cell differentiation
and some inﬂuences of the AP patterning system and the inability
to maintain the differentiated state of mesodermal cells.
Tracheal development depends on FGF signalling
The expression of the FGF-ligand branchless in the developing
tracheal system of the Tribolium embryo (Beermann and Schröder,
2008) suggested the involvement of FGF signalling in tracheal
development in the beetle as this has been intensively shown
already for Drosophila (Sutherland et al., 1996). Due to the speciﬁc
expression of Tc-fgfr near the tracheal openings we speculated a
role in trachea formation also for this receptor that has been
thoroughly studied for breathless in Drosophila (Ghabrial et al.,
2003; Klämbt et al., 1992; Muha and Müller, 2013). The expression
of the tracheal marker gene Tc-trh in the tracheal placodes has
fully developed in the elongated embryo (Fig. 4A, E). The initial
round shaped domain elongates laterally as cells spread in the
anterior part of each segment. Spreading occurs normally in
Tc-fgf8RNAi embryos but does not happen in Tc-bnl- or in Tc-fgfrRNAi
embryos where the tracheal placodes stay as round-shaped groups
of cells. Clearly, the motility of these cells requires the function of
both, the Bnl ligand and the FGF receptor in Tribolium. At the level
of the cuticle the main longitudinal secondary branch of the tra-
cheal network has not formed. However, trachea formation is not
completely omitted since tracheal openings and the primary tra-
cheal tubes still develop, implying that the formation of these
structures is FGF-independent.
Does the mesoderm serve as a substrate for the hindgut and elon-
gating trachea?
The general integrity of the tracheal system in Tc-fgf8RNAi
embryos is not impaired since the secondary, main branch was
seen connected to the tracheal openings via the primary branches.
However, the main branch was not following the shortest straight
way but developed as a loopy shaped, meandering tube (Fig. 6E).
Since in Tc-fgf8RNAi embryos the dorsal part of the mesoderm is
strongly reduced (Fig. 1W–Y) it is likely, that in the wildtype, theunderlying mesoderm could provide guidance cues for the
migrating tracheal tubes. Such a scenario already has been shown
for Drosophila, where migration of the dorsal tracheal trunk
depends on a speciﬁc cell type within the mesoderm (Wolf and
Schuh, 2000) and migration was misguided in embryos with a
missing or malformed mesoderm (Franch-Marro and Casanova,
2000).
Alternative splicing results in different FGF-receptor isoforms in
Tribolium
The functions of FGF-receptors are required in a variety of tis-
sues and in different developmental contexts. In principle, multi-
ple receptor isoforms with different afﬁnities for the high number
of ligands or intracellular adaptor proteins can be generated by
gene duplication and through differential splicing. Both these
strategies have been noted for vertebrates that contain four dif-
ferent Fgfr genes in their genomes and at the same time generate
different receptor variants from one Fgfr gene by the differential
usage of exons (Burgar et al., 2002; Gong, 2014; Itoh and Ornitz,
2011; Zhang et al., 2006). Alternative splicing that results in
functionally exclusive receptor isoforms has been shown for the
mouse Ig-domain-III (Haugsten et al., 2010) that is crucial for
ligand speciﬁcity and located N-terminal adjacent to the trans-
membrane domain. It is composed of two parts where the ﬁrst is
common to both receptor isoforms and the second half comes
from two alternatively used exons (Kelleher et al., 2013). In the
Tribolium FGFR, it is the ﬁrst half of the IG domain N-terminal to
the transmembrane domain that is variable while the second half
remains constant (Fig. 5A).
Differently to vertebrates and Tribolium, the two C. elegans FGFR
isoforms differ in an insertion between IG-domain 1 and Ig-2 and
function tissue-speciﬁc (Goodman et al., 2003). All these examples
illustrate the variability of gaining functional diversity of a single
fgf-receptor gene during evolution.
Varying number of fgfr genes and their introns in arthropods
The number of fgfr-gene copies within genomes varies sub-
stantially (Coulier et al., 1997; Rebscher et al., 2009). Only a single-
fgfr-gene is found e.g. in the genomes of Daphnia, Apis and Nasonia,
Bombyx, Tribolium and in that of the nematoceran ﬂy Anopheles
(Fig. 7). Multiple copies of the fgfr-gene in other genomes could be
either the result of lineage-speciﬁc gene duplications like in
myriapods (Chipman et al., 2014), in the nematoceran (Aedes and
Culex) and brachyceran ﬂies or of whole genome duplication that
likely occurred in the spider lineage (Schwager et al., 2007).
The integration of tissue-speciﬁc signals from different ligands
requires several receptor isoforms that can be provided either by
duplicated fgfr-genes or by differential splicing of a single-copy
gene.
In the case of a single fgfr gene present in a genome, various
receptor isoforms can only be generated through differential
splicing which requires multiple introns within the coding region.
This has recently been demonstrated for the single fgfr-gene of
C. elegans (Goodman et al., 2003) and we show here for Tribolium
(Fig. 5B).
In Drosophila, the two fgfr-genes heartless and breathless do not
contain introns within the region coding for the ligand binding
part of the protein. Thus, none of these genes are able to generate
different protein-isoforms. Consequently, Drosophila and other
species that contain only intron-less receptor genes in their gen-
omes need at least two paralogs to be able to speciﬁcally and
faithfully transduce the signal of more than one ligand.
Various evolutionary scenarios can arrive with intron-less fgfr-
paralogs. Either, the two Drosophila-fgfr genes are the result of a
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Fig. 7. Structural properties of the FGFR genes and -proteins in different arthropods. Within the different arthropod classes, the number of fgfr genes within a genome,
the presence or absence of introns in the coding region and the number of IG-like domains involved in ligand binding vary substantially. Stars mark putative gene duplication
events during evolution. Accession numbers of the respective genes are listed in Supplementary data, Table 2.
R. Sharma et al. / Developmental Biology 402 (2015) 264–275 273gene duplication event and became intron-free secondarily or one
intron-less gene originated via a retrotransposition event, a gen-
eral important mechanism responsible for gene ampliﬁcation in
evolution (Schrider et al., 2011) and duplicated subsequently.
The reduction of the length and number of introns can be seen
as an adaptation to extremely short early mitotic cycles in Droso-
phila. In this way, developmental disorders as a result of intron-
delay are avoided (Artieri and Fraser, 2014; Guilgur et al., 2014;
Rothe et al., 1992) and thus can be assured that enough functional
heartless transcripts are present at the beginning of gastrulation. In
the case of retrotransposition, one retrogene functionally replaced
the intron-containing original gene, duplicated and eventually
resulted in functionally diversiﬁed paralogs. One such example has
recently been discussed for a vertebrate gene (Macqueen et al.,
2014). For the fgfr-genes, such a retrotransposition-event should
have occurred in the last common ancestor of the brachyceran ﬂies
and independently in the ancestor of the nematoceran ﬂy Culex
(Fig. 6). Since the Drosophila-fgfr genes still contain one intron, the
retrotransposition event started with an incompletely spliced
gene.Conclusions
The combined mesoderm / trachea phenotype upon RNAi
knockdown of the sole Tribolium FGF receptor gene demonstrates
the multifunctionality of this receptor for both, FGF8 and Bnl
inputs. We have shown that the speciﬁc functions of the two FGFR-
isoforms generated in Tribolium are transmitted by receptor var-
iants that originate through differential splicing. As seen through
exon-speciﬁc RNAi, the isoform that includes exon 8 functions
similarly as the Drosophila-Heartless during mesoderm migration
and the isoform that includes exon 7 transmits like Drosophila-
Breathless the Branchless signal during trachea formation.Acknowledgements
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